I. INTRODUCTION
The availability of low-cost Hall-effect sensors greatly simplifies the study of magnetic fields, allowing measurements such as the distance dependence of fields produced by permanent magnets as well as those arising from an electric current. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Students in the second semester of our calculusbased general physics course spend one to two laboratory periods constructing and calibrating magnetometers that are used for multiple purposes in later laboratories. The magnetometers are built inside electrical switch boxes ͑fitted with a household light switch and telephone jack͒ and connected via telephone wire to back to back Hall chips ͑typically the Allegro 1321 11 ͒. The devices are durable, portable, and cost less than $20.
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II. MAGNETOMETER CONSTRUCTION
The basic components of the magnetometer are few; essentially, all that is needed is a DC power source, a Halleffect sensor, and a voltmeter ͑Fig. 1͒. Because the linear Hall-effect chips we use are ratiometric, their output in the absence of an external magnetic field is equal to one half of the voltage of the DC source ͑V CC / 2͒. A south pole near the marked side of the A1321 increases the output voltage by 5 mV/ G, and a south pole on the opposite side reduces it by the same factor. By gluing two of these chips back to back and monitoring the voltage between the two output pins rather than between each pin and ground, we can effectively double the sensitivity while removing the zero-field voltage offset. In the absence of an external field, small deviations from the ͑ideally͒ zero voltage reading using back to back sensors will be more noticeable than similarly sized changes in voltage V CC / 2 with a single sensor.
Power comes from a 9 V battery connected to a 7805 5 V voltage regulator. Refinements to the design include an on/ off switch and a light emitting diode power indicator. Construction details available in Ref. 12 are chiefly concerned with the mechanics of providing a more robust package for the components and the process of soldering the pair of Hall chips to telephone wires. A household telephone jack provides the interface between larger contacts suitable for the hands of a beginner and the small wires and leads of the telephone cord and Hall chips. An electrical junction box holds both the telephone jack and, for power control, a light switch ͑easy to work with and inexpensive͒.
III. AUTOCORRELATION FUNCTIONS
In one experiment we employ a standard computer sound card as a recording device with the goal of using autocorrelation functions to detect low-frequency power line oscillations ͑as others have done with photodiodes. 13 ͒ The students are led to the idea of an autocorrelation function by drawing several cycles of a sine wave and learning that points which are very close to one another on the x axis are also very close to one another on the y axis because the function is continuous. As we compare points that are increasingly more distant from one another on the x axis, their y coordinates change from being almost equal to opposite and back to almost equal in a cyclical fashion. This behavior is first illustrated in a spreadsheet using a simple program written in Visual Basic, which is part of Excel.
14 The Sine Wave button fills a column with 5000 numbers calculated from a sinusoid of unit amplitude added to a pseudorandom number from −5 to +5. The resulting column is graphed and the underlying signal well obscured.
The Correlations button computes the sum of the product of each data point and the data point j points away from it. For comparison, the sum is calculated for j =0 ͑that is, the sum of the squares of each of the 5000 numbers͒ providing a result that represents perfect correlation. The autocorrelation function is defined as in Eq. ͑1͒. This ratio is plotted as a function of j, yielding an obvious sinusoid with an easily determinable period.
Following Ref. 13 , we note that the total signal detected f͑t͒ is composed of the signal of interest s͑t͒ added to some noise n͑t͒. The autocorrelation function C f f ͑t͒ consists of the autocorrelation functions of s͑t͒ and n͑t͒ as well as their cross-correlation functions. Because the noise should not be correlated with either itself or s͑t͒, we can approximate C ss ͑t͒ ͑the function of interest͒ by C f f ͑t͒ ͑calculated via the spreadsheet͒. We denote the normalized autocorrelation function as C f f ͑t͒ and calculate it as
For comparison, the Random button generates 5000 pseudorandom numbers from −0.5 to +0.5. The autocorrelation function shows no evidence of a pattern, as expected.
After completing this problem, data are collected by connecting the magnetometer probe to a sound card. The Sound Recorder program included as part of Windows is used to gather data. A capture rate of 8 kHz at a resolution of 16 bits per sample is adequate for this purpose. The sound card is shielded from excessive voltage by attaching the microphone input wires to the smaller resistor in a voltage divider consisting of a 10 k⍀ resistor in series with a 1 k⍀ resistor. The exact scaling factor from the true voltage output of the magnetometer to the endpoint of the analog to digital conversion is not calculated for the graphs of Fig. 2 and Fig. 4 .
A separate spreadsheet 15 provides a plot of the data extracted from the WAV file ͑Fig. 2͒, which does not show a clear oscillatory signal. A plot of the autocorrelation function is shown in Fig. 3 . Three cycles are completed in the time interval from 0 to 400Ϯ 8 time units. These units are the reciprocal of the sampling frequency ͑8000 Hz͒, or 125 s. Three cycles therefore take ͑1 / 20͒ s, which is as expected for 60 Hz line oscillations.
A fluorescent light bulb drawing 0.27 A was also studied with the magnetometer ͑see Fig. 4͒ . The magnetometer outputs were connected to the inputs of an operational amplifier similar to one constructed by students in a later laboratory. The amplifier makes the presence of the signal in the raw data obvious, but the autocorrelation function serves to clean up the shape significantly ͑see Fig. 5͒ . Three cycles take 200Ϯ 2 time units, corresponding to a frequency of 120 Hz, as would be expected for a fluorescent light.
In a related experiment, an extension cord ͑split so that the two wires can be separated from one another͒ is connected to a high-current appliance and the magnetometer probe is placed at successively longer distances from one of the wires. The sound card is again employed to record WAV files, which are all trimmed to the same time duration. The files are analyzed using a program that implements the fast Fourier transform ͑FFT͒ described in Ref. 16 . The amplitude versus frequency plot made by the FFT program reveals the higher harmonics caused by the presence of nonohmic devices such as the switching power supplies used in nearby computers and the fluorescent lights in the room. 17 The am- Fig. 3 . The autocorrelation function generated from the data in Fig. 2 . The sinusoidal nature of the autocorrelation function is more apparent than that of the original data in Fig. 2 . plitude of the 60 Hz frequency component for each file is plotted as a function of distance. A log-log plot of the data ͑Fig. 6͒ admits best fit lines with slopes from about −0.5 near the wire to approximately −1.5 far from it. Although the magnetic field near a straight infinite wire is inversely proportional to the distance from that wire, the actual circuit must consist of two wires ͑separated by a distance d = 32 cm in the middle of the cord decreasing to d Ͻ 1 cm at the ends͒ of finite length carrying oppositely directed currents. The presence of two opposite currents leads us to expect the field to drop off faster than 1 / r at larger distances as the condition r d no longer holds.
IV. MODEL ROCKET ENGINE THRUST CURVE
The magnetometers constructed by second-semester students are also used by students in the first-semester laboratory. Although there are many ways to measure the thrust output of a model rocket engine, [18] [19] [20] [21] [22] our students use the magnetometers in conjunction with two opposing neodymium-iron-boron ͑NdFeB͒ magnets.
The magnets ͑2.54 cm in diameter by 1.91 cm in length͒ are placed inside a PVC pipe so that the upper magnet floats stably above the lower magnet ͑see Figs. 7 and 8͒. A dowel rod with a diameter slightly smaller than the PVC pipe rests on the upper magnet and protrudes from the PVC pipe to provide a point of attachment for the engine holder. The engine holder is made from a PVC male adapter and flange connected back to back with a cast-iron flange and a short section of iron pipe. The PVC male adapter sits on the dowel rod and multiple holes are drilled in the pipe, allowing air to escape as the magnets are compressed and providing an access point to insert the magnetometer probe near the top of the lower magnet.
The entire apparatus is placed on top of an inexpensive postal scale for calibration purposes. Both the scale reading and the voltage output of the magnetometer are recorded as different masses are placed on the engine holder. After a calibration curve has been generated, the rocket engine is weighed separately and inserted ͑open end up͒ into the engine holder. The magnetometer's voltage outputs are connected to an analog voltage sensor on a data acquisition board ͑Phidget 8/8/8 interface kit͒ capable of recording approximately 50 data points per second. The engine is fired ͑either outdoors or inside a fume hood͒ and the time/voltage data collected is transformed into time/force data.
The thrust curve produced in this manner ͑see Fig. 9͒ compares favorably with that produced by the National Association of Rocketry's testing facility ͑see Fig. 10͒ . An exception is the presence of a rebound in our curve after the initial large impulse as the upper magnet briefly "bounces" above its new equilibrium position. The magnets could be housed inside a copper pipe to provide a damping force, but its presence would significantly complicate the data analysis because the full duration of the engine burn is short, and the upper magnet is therefore required to move quickly. The data produced by numerical integration is compared to that from the National Association of Rocketry in Table I .
V. OTHER APPLICATIONS
A project is underway to put the magnetometers and associated equipment into a small number of middle-and highschool classrooms. Coupling the magnetometer with an amplifier and data acquisition board allows for longer-term monitoring of ambient magnetic field changes in the 100 nT range. This recording magnetometer is expected to log the electromagnetic activity produced in thunderstorms as well as the effect of solar storms on the Earth's magnetic field as the Sun moves out of its current minimum in its sunspot cycle.
The magnetometers built by our students have also played small roles in a variety of other experiments. We have investigated the period of a physical pendulum by attaching a small magnet to the end of the pendulum and placing the magnetometer probe at the lowest point of its arc and recording the voltage via a sound card. A similar experiment using a fluxgate magnetometer was described in Ref. 23 . Another laboratory uses small computer fans to demonstrate the duality of motors and generators. Part of that process involves finding the rotational speed of the fans for several applied voltages. Students tape a very small piece of sheet steel to one of the fan blades and place the magnetometer probe and a magnet on opposite sides of the fan. The distortion in the field as the steel passes between probe and magnet is clearly shown on an oscilloscope. In summary, we have found these devices to be useful whenever we need to accurately measure the position or velocity of an object on short time scales.
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